Conducting polymers are potential candidates for thermoelectric (TE) applications owing to their low thermal conductivity, non-toxicity and low cost. However, the coil conformation and random aggregation of polymer chains usually degrade electrical transport properties, thus deteriorating TE performance. In this work, we fabricated poly(3-hexylthiophene) (P3HT) films with highly oriented morphology using 1,3,5-trichlorobenzene (TCB), an organic small-molecule, as a template for polymer epitaxy under a temperature gradient crystallization process. The resulting P3HT molecules, which were confirmed to be highly anisotropic by a combination of scanning electron microscopy, atomic force microscopy, polarizing microscope, polarized Raman spectroscopy, and two-dimensional-grazing incidence X-ray diffraction (GIXRD) analysis, not only markedly reduced the conjugated defects along the polymer backbone, but also effectively increased the degree of electron delocalization. These combined phenomena produced an efficient, 1D path for carrier movement and therefore resulted in enhanced carrier mobility in the TCB-treated P3HT films. The maximum values of the electrical conductivity and Seebeck coefficient were 320 S cm À1 and 269 μV K À1 , respectively. Consequently, the maximum TE power factor and ZT value at 365 K reached 62.4 μW mK À2 and 0.1, respectively, in the parallel direction of the TCB-treated P3HT film. To the best of our knowledge, these are the highest values reported for pure P3HT TE materials. The method of using organic small-molecule epitaxy to generate highly anisotropic polymer films is expected to be valid for many conducting polymers.
INTRODUCTION
Organic semiconductors, especially conducting polymers, have attracted increasing interest as potential thermoelectric (TE) materials because of their mechanical flexibility, low cost and simple manufacturing processes compared with inorganic semiconductors. [1] [2] [3] [4] [5] Notably, the intrinsically low thermal conductivity of organic semiconductors is favorable for attaining high TE performance. The energy conversion efficiency of a TE material is evaluated by the dimensionless figure of merit: ZT = S 2 σT κ À1 (S, σ, κ and T are the Seebeck coefficient, electrical conductivity, thermal conductivity and absolute temperature, respectively). Although the TE properties of organic materials have been greatly improved in the past 10 years, they still lag behind those of inorganic TE materials (ZT~1) owing, in large part, to their poor electrical transport properties such as low electrical conductivity (σ) and a low Seebeck coefficient (S). Studies of various pure conducting polymers commonly demonstrate power factors of only 10 − 5 W mK À2 , some 2-3 orders of magnitude less than those of state-of-the-art inorganic TE materials. Usually, inorganic materials, such as PbTe, Bi 2 Te 3 and Cu 2 Se, have ordered crystalline structures and better electron transport than organic materials. [6] [7] [8] [9] [10] In conventional conducting polymers, the inter-chain and intra-chain π-π conjugations form the carrier transport channels. The carrier transport is principally controlled by the inter-chain and intra-chain hopping processes and follows the variable range hopping model. Therefore, the configuration and arrangement of polymer chains have a key impact on carrier transport. Polymer molecules generally demonstrate irregular configurations and random arrangements, which increases the π-π conjugation defects, reduces the carrier mobility and degrades TE properties. Furthermore, the uncertainty and uncontrollability of the configuration and arrangement of the polymer chains make the study of intrinsic electric and thermal transport very challenging.
Previous studies on the TE properties of conducting polymers and their composites revealed that the use of template induction with inorganic nanoparticles (for example, carbon nanotubes, graphene, metal nanowires) increased the degree of ordering of polymer molecular arrangements and therefore improved σ and S, [11] [12] [13] [14] [15] [16] but a clear explanation for the intrinsic effect of the molecular structure on electron transport is still lacking. The electron transport in a conducting polymer composite containing an inorganic dispersion phase is complex because multiple factors may influence the transport process in diverse ways. The major factors include, but are not limited to, the distribution and structural features of the inorganic particles and the organic/inorganic interfacial structure. Therefore, the fabrication of a pure polymer having a highly regular molecular configuration and a highly ordered molecular arrangement and the subsequent investigation of the effects of the molecular arrangement on the transport properties not only would provide a simple model for studying the intrinsic electric and thermal transport mechanisms of conducting polymers but also might lead to effective approaches for improving the TE performance of polymers.
Among conducting polymers, polythiophene and its derivatives have been intensively investigated as TE materials because of their appropriate energy gap, excellent doping reversibility and wide-doping ranges. For example, the derivative poly (3,4-ethylenedioxythiophene) has reportedly reached the highest TE performance of any organic material studied. 17, 18 Poly(3-hexylthiophene) (P3HT) is another promising candidate as a TE material, especially with its higher solubility in common organic solvents and highly tunable molecular structure and molecular weight compared with poly(3,4-ethylenedioxythiophene). [19] [20] [21] [22] [23] [24] [25] Interest in P3HT as a TE conversion material has increased since 2010. [26] [27] [28] [29] However, the TE properties of pure P3HT are still unsatisfactory at present, with a power factor of o20 μW mK À2 . The poor transport of electrons is caused by the coil conformation and random aggregation of P3HT polymer chains, which is largely due to the flexible hexyl side chains. [30] [31] [32] [33] Organic small-molecule epitaxy is one effective way to increase the degree of ordering of polymer chains at the molecular level by using the appropriate small-molecule crystals as the epitaxial template. Usually, if the mismatch between the lattice spacing of the host (small-molecule crystals) and the guest (polymer backbones) is o10-15%, template-induced epitaxial growth is performed relatively easily. 34 The calculated space between two thiophene rings in P3HT is 0.38 nm, whereas 1,3,5-trichlorobenzene (TCB), which is a small molecule with an orthorhombic structure, has a lattice spacing of 0.39 nm along the c axis. 35 The mismatch of this characteristic spacing between the two materials is only 2.6%, and thus, small-molecule epitaxy should be easily realized. In addition, the TCB molecular crystals can be oriented during growth from a melt by using unidirectional cooling (creating a temperature gradient) at~300 K. The structural analogy in the contact plane of the two species should result in the mutual orientation of the polymer backbone onto the pre-oriented small-molecule crystals. Furthermore, TCB can be easily Figure 1 The schematic diagram of preparation of ordered P3HT with fiber-like texture by a two-step process. (I) The comparison P3HTfilm is prepared by drop-casting and doped by Fe (TFSI) 3 of nitromethane solution (DC-P3HT). (II) The undoped P3HT film is covered by small molecule 1,3,5-trichlorobenzene (TCB) powder, heated to 75°C and then cooled rapidly from one side to the other to room temperature, forming a large temperature gradient and TCB solidified as a needle-like crystal along the temperature gradient. The P3HT polymer chains solidify on the TCB surface with polymer chains locking into the lattice of TCB due to the strong π-π conjugated interactions between the thiophene and benzene rings.
P3HT films with enhanced thermoelectric performance S Qu et al removed through vacuum evaporation or dissolution in a solvent; therefore, the construction of a pure P3HT model structure with a highly regular molecular configuration and a highly ordered molecular chain arrangement is expected. In this paper, we report the significantly enhanced TE performance of a highly anisotropic P3HT film achieved by a temperature-gradient crystallization process using a small-molecule, TCB, as the template for polymer epitaxy. A large-scale and quasi-one-dimensional (1D) epitaxially grown P3HT film was obtained. It was found that the backbone chains of the P3HT molecules with a head-to-tail configuration (HT-P3HT) were expanded and highly oriented parallel to the fiber axis direction. The highly regular molecular configuration and highly oriented molecular arrangement of the P3HT molecules not only reduced the conjugated defects in the polymer backbone but also effectively increased the degree of electron delocalization and therefore led to enhanced carrier mobility in P3HT, which resulted in a markedly improved power factor parallel to the fiber axis.
EXPERIMENTAL PROCEDURES
Regioregular P3HT(HT-P3HT, the percentage of molecules with the head-totail configuration is up to 98%) (Mw = 87 kg mol − 1 ) was purchased from Sigma-Aldrich (Shanghai, China) and used as received. TCB was purchased from TCI (Shanghai, China). Trifluoromethanesulfonimide (CF 3 SO 2 ) 2 NH (95%) was purchased from Aladdin (Shanghai, China). Analytical grade nitromethane was dried over CaCl 2 before use.
First, regioregular P3HT powder was dissolved in toluene to make a 0.5 wt% P3HT solution and then drop-casted on a 1.8 mm × 1.8 mm clean glass substrate at 40°C. Next, 60 mg of TCB powder was uniformly deposited onto the surface of the P3HT film and sandwiched between the P3HT-coated glass substrate and a clean glass coverslip. The 'sandwich' was then heated to the melting point of TCB (75°C). Following heating, the 'sandwich' was slowly moved onto another bench at room temperature (25°C). The TCB crystallized uniformly along the temperature gradient in~1 s, and P3HT crystallized after the TCB, resulting in a color change from yellow-orange to dark violet. After removing the coverslip, the film was further doped by immersion into solution of the dopant Fetf in nitromethane (Fe(TFSI) 3 ), which was synthesized by treating freshly prepared Fe(OH) 3 with the acid (CF 3 SO 2 ) 2 NH in anhydrous nitromethane. After doping for 1.5 h, the film was rinsed with anhydrous nitromethane and dried under vacuum at room temperature. Finally, the TCB was removed by dissolution in the nitromethane solution. The thickness of the final film was~2 μm. The obtained product was denoted as TCB-treated P3HT (as shown in Figure 1 ).
For comparison, P3HT films were also fabricated by a normal drop-casting method and then doped with the Fetf nitromethane solution (using the same method as the first and third preparation steps of the TCB-treated P3HT film above), but without the TCB treatment (the second preparation step above). The product prepared with this method was denoted DC-P3HT.
The morphologies of the films were characterized by scanning electron microscopy (FEI Magellan 400 and Zeiss Supra 55) and atomic force microscopy (SPA 400, Seiko, Kobe, Japan). Polarized Raman spectra were recorded using a Dilor LabRam-1B by adjusting the holder over various angles (λ = 532 nm). Two-dimensional grazing incidence X-ray diffraction (GIXRD) P3HT films with enhanced thermoelectric performance S Qu et al was performed with the synchrotron X-ray source at the Shanghai Synchrotron Radiation Facility Laboratory. Optical microscopy images of the films were obtained with a XP-600 C transflective polarizing microscope with crossed polarizers. The Seebeck coefficient was measured following previously reported methods. 36 The carrier concentration and carrier mobility measurements were performed in a Quantum Design Physical Property Measurement System. The in-plane thermal conductivity was measured using the 3ω-Scanning Thermal Microscopy technique based on atomic force microscopy (SPA 400, Seiko Inc., Japan).
RESULTS AND DISCUSSION
Large-scale, highly oriented P3HT films were fabricated (Supplementary Figure S1 ) using TCB as the polymer epitaxial template and using a temperature-gradient crystallization process; the detailed procedure is shown in Figure 1 . The scanning electron microscopy and atomic force microscopy images of the DC-P3HT film and the TCB-treated P3HT film are shown in Figure 2 . In the scanning electron microscopy images, the DC-P3HT film displays a grain structure with a diameter of~20 nm that lacks orientation (Figure 2a ), whereas the TCB-treated P3HT film in Figure 2b depicts an obvious fiber structure with a diameter of~100-200 nm that is unidirectional and closely arranged. All the fibers were composed of grains stacked in the fiber axis direction (inset of Figure 2b ). The phase-mode atomic force microscopy images (Figures 2c and d ) further confirm that more crystalline regions (the bright area in the images) exist in the TCB-treated P3HT films than in the DC-P3HT films. Figure 3 displays the images of the DC-P3HT film and the TCBtreated P3HT film as observed by a polarizing microscope. The DC-P3HT film color shows no significant difference in the mutually perpendicular polarization directions (Figures 3a and b) . In contrast, the TCB-treated P3HT film changes color as the polarization direction rotates; specifically, the film is nearly colorless (Figure 3c ) when scanning electron microscopy the polarization direction is perpendicular to the fiber and presents a red color as the polarization direction is oriented parallel to the fiber (Figure 3d ). These results reveal a birefringent nature, indicating that most of the polymer backbones are parallel to the fiber direction in the TCB-treated P3HT film.
The polarized Raman spectra of the P3HT fi7lms with two different beam directions (parallel and perpendicular to the fiber axis) give further evidence for the orientation of the polymer chains, as shown in Figure 4 . The assignments of all typical Raman peaks are listed in Figure 3 Images of the DC-P3HT film and the TCB-treated P3HT film are observed by a polarizing microscope. For the DC-P3HT film, the color shows no significant difference in the mutually perpendicular directions, revealing no birefringent nature of DC-P3HT (a and b). The TCB-treated P3HT film changes color upon rotation of the polarization direction. When the polarization direction is perpendicular, respectively, parallel to the fiber, the TCB-treated P3HT film shows as nearly colorless, respectively, as red (c and d). The results reveal birefringent nature of the fiber, indicating that most of the polymer backbone chains of the TCB-treated P3HT film are parallel to the fiber direction.
P3HT films with enhanced thermoelectric performance S Qu et al Table 1 . The spectra of the DC-P3HT films show almost the same intensities and shifts for all peaks under the mutually perpendicular beams (Figure 4a ). This suggests that at any polarization angle, the laser beam encounters similar bonds and polarizabilities, resulting in equal absorbance intensities. These results demonstrate that the DC-P3HT film is intrinsically isotropic on the molecular scale. However, when we turn our attention to the TCB-treated P3HT film spectra, we observe that the intensities of all peaks are greater with the beam parallel to the fiber axis than in the perpendicular direction. When the majority of polymer chains are oriented in a particular direction and the incident beam is polarized in the same direction, the beam passing through the sample will encounter a larger number of C-C and C═C bonds. In addition, coupled with changes in the polarizability of the respective vibrations of C-C and C═C bonds, the agreement between polymer chain and beam orientation will result in higher absorbance intensities in that particular direction. Thus, the increase of peak intensities in the parallel direction confirms that the polymer chains in the TCB-treated P3HT film are aligned parallel to the fiber axis. Moreover, the strongest peak for the TCB-treated film in the parallel direction, occurring at~1443 cm − 1 , is much narrower than that for the DC-P3HT film and that in the perpendicular direction, which means a reduction in the full-width half-maximum (fwhm), indicating a higher degree of ordering in the TCB-treated film in the parallel direction. In addition, the peak corresponds to the symmetric C═C stretching mode, which is sensitive to π-electron delocalization along the backbone (conjugation length), and is shifted to the lower frequency of~1417 cm − 1 . Therefore, the remarkable increase in peak intensity, the narrower fwhm, and the shifting to a lower wavenumber indicate that the π-π conjugation along the backbone chain was enhanced and that the number of effectively delocalized π-electrons increased. 37, 38 To further understand the molecular chain arrangement in the DC-P3HT and TCB-treated P3HT films, 2D-GIXRD was performed at an incidence angle of 0.2°with the synchrotron X-ray source at the Shanghai Synchrotron Radiation Facility Laboratory. Figures 5a and b show the 2D-GIXRD patterns of the DC-P3HT and TCB-treated P3HT films. Figures 5c and d display the 1D diffraction profiles with respect to the out-of-plane (along the q z ) and in-plane (along the q xy ) directions, as extracted from the 2D-GIXRD pattern. The (h00) peak refers to the repeat distance in the direction of alkyl stacking, and (0k0) refers to the repeat distance in the direction of π-π stacking (Supplementary Figure S2) . In DC-P3HT, three strong (h00) diffraction peaks and a weak (010) peak along the Debye rings were observed, indicating that the DC-P3HT film has a polycrystalline structure with mostly 'edge-on' crystallites (π-π stacking direction lying in the substrate plane) and a small amount of 'face-on' crystallites (π-π stacking direction lying out of the plane of the substrate). However, in the TCB-treated P3HT, a strong (010) π-π stacking peak coexists with the (h00) peaks along both q z and q xy . The intensity ratio of the (010) π-π stacking peak to the (h00) peak increased compared with that for the DC-P3HT, which indicates that the amount of 'face on' crystallites increased during the TCB-treated crystallization process. The increased amount of 'face-on' crystallites in TCB-treated P3HT is attributed to the mutual orientation of polymer backbones on both crystal surfaces along the c axis of TCB crystals during the crystallization process. Furthermore, two types of highresolution GIXRD experiments were performed on the TCB-treated P3HT to confirm the anisotropic properties: one with the fibers parallel to the X-ray beam and the other with the fibers perpendicular to the X-ray beam, as shown in Figures 6a and b. Figures 6c and d show the 1D diffraction profiles with respect to the out-of-plane Figure 4 (a) Polarized Raman spectra of the DC-P3HT film under the mutually perpendicular Raman beams; the spectra of the DC-P3HT film appear almost the same in both the intensities and shifts of all the peaks in the mutually perpendicular directions. This demonstrates that the DC-P3HT film is intrinsically isotropic at a molecular scale level. (b) Polarized Raman spectra of the TCB-treated P3HT film under the electric field vector of the incident Raman beam perpendicular (black lines) and parallel to the fiber axis (red lines). The intensity of all the peaks is greater when the direction of the Raman beam is parallel to the fiber axis than when the direction is perpendicular to the fiber axis, further confirming that the polymer backbone chains in the TCB-treated P3HT film are aligned along the direction parallel to the fiber axis, and the number of the effective delocalized π-electrons was increased. Table 1 The assignment of the typical Raman spectra peaks for P3HT P3HT films with enhanced thermoelectric performance S Qu et al (along the q z ) and in-plane directions, respectively, as extracted from the 2D-GIXRD results. For the out-of-plane (q z ) profile, the specular X-ray diffraction pattern contains nearly identical Bragg diffraction peaks in both fiber directions, which correspond to d-spacings of 15.8, 11.8, 7.5 and 3.8 Å. However, for the in-plane (q xy ) profile, the in-plane reflection peaks are strongest when the fibers are perpendicular to the direction of the X-ray beam at d-spacings of 15.8 and 3.8 Å. Furthermore, all the in-plane reflection peaks become very weak when the axis of the fibers is parallel to the X-ray beam. The drastic drop in intensity for these peaks when probing along the fiber direction indicates that there are few repeat distances with the π-π or alkyl stacking directions along the fiber, revealing a marked anisotropy of TCB-treated P3HT. Note that the DC-P3HT film was also examined with 2D-GIXRD in two directions, but no such anisotropy was observed.
As indicated in the experimental section, the molecular configuration of the raw P3HT powder used is highly regular; namely, the percentage of head-to-tail configurations (HT-P3HT) is above 98%, which has been confirmed by NMR (shown in Supplementary  Figure S3) . By combining the above analyses of scanning electron microscopy, atomic force microscopy, GIXRD, polarizing microscopy and polarized Raman spectroscopy, it can be concluded that the TCB-treated P3HT molecular chains oriented along the fiber axis and that the crystallites show both 'edge on' and 'face on' patterns (inset of Figure 5d ). In contrast, in the DC-P3HT film, the P3HT molecular backbones arranged randomly, with the majority in the 'edge-on' pattern (inset of Figure 5c ). The high degree of orientation in the TCB-treated P3HT films, as demonstrated during characterization, proves that the strong π-π conjugation interactions and the match between the repeat distance of the thiophene units in P3HT (C P3HT /2~0.38 nm) and the TCB molecules (0.39 nm) along C TCB have successfully induced epitaxial growth (as shown in Figure 7 ). The P3HT chains locked onto the TCB lattice, forming highly ordered molecules parallel to C TCB (fiber axis). Furthermore, the increased amount of 'face-on' crystallites in the TCB-treated P3HT film compared with the DC-P3HT film is additional proof of the epitaxial process, as the polymer backbones may orient on both crystal surfaces along the c-axis of TCB crystals during crystallization.
The electrical conductivity (σ) and Seebeck coefficient (S) of DC-P3HT and TCB-treated P3HT films at room temperature were measured (five samples for each fabrication condition), and the results for each condition are shown in Figure 8 , with error bars. The average values for the σ and S of the DC-P3HT film are 100 S cm À1 and 41 μV K À1 , respectively, resulting in a power factor of 16 μW mK À2 . For the TCB-treated P3HT film, the σ in the direction parallel to the fiber axis reached 251 S cm À1 , which is approximately three times the value in the perpendicular direction (92 S cm À1 ) and much higher than the conductivity of the DC-P3HT film, demonstrating obvious Figure 5 Two-dimensional-grazing incidence X-ray diffraction (2D-GIXRD) patterns of DC-P3HT(a) and TCB-treated P3HT(b) obtained at an incidence angle of 0.2°with the synchrotron X-ray source and (c), (d) are the 1D diffraction profile with respect to the out-of-plane (along the q z ) direction and in-plane (along the q xy ) direction extracted from 2D-GIXRD pattern of (a) and (b), respectively. In DC-P3HT, the observed three strong (h00) diffraction peaks and a weak (010) peak along the Debye rings indicating its polycrystalline structure with mostly 'edge-on' crystallites and a small amount of 'face-on' crystallites. In TCB-treated P3HT, there is coexistence of a strong (010) π-π stacking peak (~3.8 Å) as well as (h00) peaks along both the q z and q xy , and the intensity ratio of (010) π-π stacking peak to (h00) peak increased compared with the DC-P3HT, which indicates that the amount of 'face on' crystallites increased during the TCB-treated crystallization process. The increased amount of 'face-on' crystallites of TCB-treated P3HT is attributed to the mutual orientation of polymer backbones on both crystal surfaces along the c axis of TCB crystals during the crystallization process.
P3HT films with enhanced thermoelectric performance S Qu et al The characteristic high orientation of TCB-treated P3HT chains proves that the strong π-π conjugated interactions as well as the very close matching between the repeat distance of the thiophene units in P3HT (C P3HT /2~0.38 nm) and the repeat distance of TCB molecules (0.39 nm) along TCB have successfully induced the epitaxy process, allowing the P3HT polymer chains to lock into the lattice of TCB, forming highly ordered P3HT chains in the direction parallel to the C TCB (fiber axis).
P3HT films with enhanced thermoelectric performance S Qu et al anisotropy. Interestingly, the significant improvement in electrical conductivity in the parallel direction does not result in a decrease in the Seebeck coefficient, as is generally observed in a typical semiconductor. The Seebeck coefficient in the parallel direction is 39 μV K À1 ; a similar value is obtained in the perpendicular direction and in the DC-P3HT film. As a result, the power factor (σS 2 ) in the parallel direction of the TCB-treated P3HT film at room temperature reached 38 μW mK À2 . This is not only more than three times that in the perpendicular direction of the TCB-treated P3HT film and that in the DC-P3HT film but also the highest value for a pure P3HT film ever reported, as shown in Table 2 . The carrier mobility and carrier concentration of the TCB-treated P3HT and DC-P3HT films at room temperature were also measured and are listed in Table 3 . The carrier mobility of the TCB-treated P3HT film is 2.5 ± 0.3 cm 2 V À1 s À1 in the direction parallel to the fiber axis, which is much higher than that in the perpendicular direction (0.9 ± 0.1 cm 2 V À1 s À1 ) and that in the DC-P3HT film (1.3 ± 0.2 cm 2 V À1 s À1 ). The carrier concentrations in the DC-P3HT film and in the TCB-treated P3HT film are similar, (4.4 ± 0.6) × 10 20 and (6.4 ± 0.8) × 10 20 cm − 3 , respectively. The enhancement in the electrical conductivity of P3HT in the parallel direction is thus mainly ascribed to an increase in carrier mobility.
The characteristic temperature dependence of the resistivity of DC-P3HT and TCB-treated P3HT films further reveals the intrinsic carrier transport properties as well as the relationship between charge transport and molecular chain arrangement, as shown in Figure 9a . It has long been recognized that conducting polymers typically contain small crystalline regions of aligned chains (ordered regions) interspersed with amorphous regions displaying randomly arranged chains (disordered regions). Moreover, Kaiser et al. 42 suggested that a heterogeneous model combining quasi-1D metallic conduction with hopping conduction and different dimensionality can describe the electron transport properties of conducting polymers that include both ordered and disordered regions, as follows:
Here, ρ m , ρ 0 , T m and T 0 are the intrinsic constants (T m is~1000 K for the conducting polymer), n is the dimensionality of the hopping (n = 1, 2, 3) and T 0 is the characteristic Mott temperature that generally depends on carrier hopping barriers. The first contribution is related to the intrinsic quasi-1D metallic conductivity in the ordered regions, and the second term comes from the variable range hopping conduction between two ordered regions. As shown in Figure 9a , the electron transport of TCB-treated P3HT in the parallel direction fits well with the heterogeneous model combining quasi-1D metallic conduction with quasi-1D hopping conduction (n = 1), suggesting that the carriers pass through the disordered domains to connect ordered regions according to the quasi-1D hopping model. The charge carriers diffuse along electrically isolated disordered chains as part of P3HT films with enhanced thermoelectric performance S Qu et al the conduction pathway parallel to the fiber axis as a result of the oriented 1D nature of the chains. A schematic of the process is shown in Figure 9b (the carrier hopping pathway is denoted by blue arrows). However, the temperature dependences of the resistivities of TCB-treated P3HT in the perpendicular direction and DC-P3HT films both fit the heterogeneous model, which combines quasi-1D metallic conduction with the quasi-3D hopping model. These findings suggest that when the carriers pass through disordered regions, they are delocalized and diffuse in various directions. Carriers traveling in the perpendicular direction of TCB-treated P3HT are moving between adjacent P3HT chains via 3D hopping. Owing to the existence of both 'face on' and 'edge on' patterns in TCB-treated P3HT, this 3D hopping occurs as a result of both π-π stacking and isolated side alkyl groups between adjacent P3HT chains. In DC-P3HT, the 'crystalline regions' are distributed with no particular preferred orientation, resulting in carrier hopping in any direction connecting two adjacent crystalline regions, as indicated by blue arrows in Figure 9c . This carrier hopping behavior is consistent with the morphology characterization results summarized above. Generally, there are large quantities of inter-chain and intra-chain conjugation defects in polymers because of their irregular molecular configuration and random arrangement, which decrease carrier mobility and thus degrade the power factor. 30 In the TCB-treated P3HT film, the P3HT chains with regular molecular configurations are highly oriented parallel to the fiber axis. Moreover, the carrier hopping behavior is consistent with the morphology and proceeds via 1D hopping conduction. The highly regular molecular configuration and highly ordered molecular arrangement of P3HT not only significantly decrease the π-π conjugation defects parallel to the fiber axis but also increase the effective degree of electron delocalization, essentially producing a 1D pathway for carrier movement. As a result, the carrier mobility parallel to the fiber axis is greatly enhanced, resulting in an increased power factor.
The TE performances of DC-P3HT and TCB-treated P3HT films are further measured by changing the temperature from 300 to 500 K. Both the Seebeck coefficient and the electrical conductivity of P3HT increased as the temperature transitioned from 300 to 350 K, as shown in Figure 10 . The increasing slope of TCB-treated P3HT in the parallel direction is much higher than both that in the perpendicular direction and that in the DC-P3HT film, which is probably because of the higher carrier mobility in the TCB-treated P3HT film in the parallel direction. Once the temperature passes 350 K, there are obvious variations in the electrical conductivity of the three samples, but the Seebeck coefficient continues to increase. This phenomenon may be due to a de-doping process of the conducting film, which is either caused by the chemical instability of the counterions or by a physical expulsion of counterions as a result of alkyl side chain thermal motion. Further investigation into the thermal stability should be performed, including the development of an approach to enhance the thermal stability of P3HT-based polymers. As a result, the maximum power factors of DC-P3HT and TCB-treated P3HT Table 3 The carrier concentration and carrier mobility of the TCB-treated P3HT film in different directions and of the DC-P3HT film Electrical conductivity (S cm À1 ) 2 5 0 ± 10 90 ± 5 9 5 ± 5 Carrier mobility (cm 2 V À1 s À1 ) 2 . 5 ± 0.3 0.9 ± 0.1 1.3 ± 0.2 Abbreviation: TCB, 1,3,5-trichlorobenzene. The carrier mobility of TCB-treated P3HT film in the parallel direction is higher than that in the vertical direction and also higher than the mobility in DC-P3HT. The in-plane thermal conductivity of each film was measured using the 3ω-scanning thermal microscopy technique, as shown in Supplementary Figures S4 and S5 . The thermal conductivities of the films increased to~0.16, 0.19 and 0.23 W mK À1 for TCB-treated P3HT in the perpendicular direction, DC-P3HT and TCB-treated P3HT in the parallel direction, respectively. However, the rate of increase in the thermal conductivity of TCB-treated P3HT in the parallel direction was not as high as expected, considering the alignment of the polymer chains. The removal of TCB molecules may leave defects between the polymer chains, which therefore act as scattering centers of phonons, suppressing the thermal conductivity. Finally, the ZT values of the P3HT films were calculated. The maximum ZT value at 365 K was estimated to be 0.10 for the TCB-treated P3HT film in the parallel direction, which is the best reported value for pure P3HT TE materials.
CONCLUSION
In summary, we fabricated large-scale, highly anisotropic P3HT films with fiber morphology via epitaxial growth on organic small-molecule TCB particles formed in-situ by a temperature-gradient crystallization process. During the crystallization process, rod-shaped TCB particles were first formed with a preferred orientation along the temperaturegradient direction. Next, P3HT molecules with a HT-P3HT were deposited on the TCB rods. The molecular chains oriented along the longitudinal direction of the TCB rods, forming a fiber texture. The fiber-like formations were due to strong π-π conjugated interactions as well as very close matching between the repeat distances of the thiophene units in P3HT (C P3HT /2~0.38 nm) and the TCB molecules (0.39 nm) along C TCB . After removal of the TCB by dissolution in a solvent, pure P3HT films with highly regular molecular configurations and highly ordered molecular arrangements were obtained. The ordered structure not only markedly reduced the π-π conjugated defects along the polymer backbones but also increased the effective degree of electron delocalization. Effective, 1D pathways were produced for carrier transport, and therefore, the carrier mobility of the TCB-treated P3HT film was enhanced. The maximum TE power factor and ZT value at 365 K in the parallel direction of the TCB-treated P3HT film reached 62.4 μW mK À2 and 0.1, respectively, the highest values reported for pure P3HT TE materials and more than three times the values measured on the film perpendicular to the fiber axis. The results presented here not only clearly demonstrate the intrinsic effects of molecular structure on the electrical transport properties of conducting polymers but also provide an effective way to enhance TE performance by manipulating the orientation of structured P3HT-based conducting polymers. Furthermore, these findings are expected to be valid for other conducting polymers. 
